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Seawater desalination in micro grids: an
integrated planning approach
Kristina Bognar1*, Philipp Blechinger1,2 and Frank Behrendt1
Abstract
Background: Islands often depend on the import of fossil fuels for power generation. Due to the combined eﬀect of
high oil prices and transportation costs, energy supply systems based on renewable energies are already able to
compete successfully with fossil fuel systems for a number of these islands. Depending on local and regional
conditions, not only energy supply is a challenge, but also the ﬁnding of a reliable supply of water. A promising
alternative to freshwater shipments is seawater desalination. Desalination processes can act as a ﬂexible load
whenever excess electricity generated by renewable sources is present.
Methods: Numerical simulations of combined energy and water supply systems for the Caribbean island Petite
Martinique, Grenada, are accomplished. Considering renewable energy sources like wind and solar radiation, energy
storage technologies, and desalination processes, various scenarios are introduced and simulated, and the results are
compared.
Results: An extension of the current energy supply system with renewable energy technologies reduces power
generation costs by approximately 40%. The excess energy generated by renewables can supply a signiﬁcant share of
a desalination plant’s energy demand. The levelized costs of electricity and water show that the integration of
desalination as a deferrable load is beneﬁcial to the considered micro grid.
Conclusions: The implementation of renewable energy generation and desalination as deferrable load is
recommendable in Petite Martinique. Possible reﬁnancing strategies depending on the combination of diﬀerent
electricity and water tariﬀs can be derived and applied to similar business cases in remote regions.
Keywords: Water cogeneration, Renewable energies, Techno-economic optimization, Demand side management
Background
Globally, islands depend on the import of fossil fuels for
energy production. Due to the combined eﬀect of trans-
portation costs and high oil prices (often being two or
three times higher than onshore market prices [1]), energy
supply systems based on renewable energies are already
able to compete successfully with fossil fuel systems [2-4].
In tropical, dry, and also some moderate climate zones,
the main energy form needed is electricity; heating ser-
vices are hardly required. Cooling services and refriger-
ation demand are usually met by electricity. In remote
and arid regions, there is not only a need to guarantee
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power generation, but also supplying freshwater is a com-
mon challenge. Global desertiﬁcation and excessive usage
of natural freshwater reservoirs diminish accessible water
stocks. On islands, the unlimited usage of groundwater
results in an inﬂow of seawater from nearby coastlines,
leading to increased salt levels and making the previ-
ous freshwater unﬁt for human consumption and other
applications.
Many islands, therefore, depend highly on freshwater
imports. Ecologically friendly seawater desalination could
provide a promising alternative that oﬀers a reliable and,
inmany cases, less expensive water supply than the import
by ships [5,6].
Depending on the technical process used, either thermal
(distillation) or electrical (e.g., membrane-based ﬁltra-
tion) energy is needed in order to desalinate seawater.
© 2012 Bognar et al.; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.
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Developing standard solutions for desalting seawater
using renewable energies is a widespread goal, cf.,
e.g., [7-11].
Besides conventional energy storage technologies,
desalination units could be considered as ﬂexible energy
sinks whenever excess energy generated by renewable
energy sources is available. Possible ecological and eco-
nomical beneﬁts of combining power generation with the
production of freshwater were investigated by Kaldellis
et al. [12]. For small- and medium-sized Greek islands,
the authors propose the installation and collaboration
of a wind park, a small hydroelectric power plant, a
water pump station, two water reservoirs, a properly sized
desalination plant, and the usually existent thermal power
plant as a back-up system.
Compared to Kaldellis’ approach, in this calculation,
the desalination unit acts as the deferrable or secondary
load, answering the question of whether including water
production into the energy supply system can beneﬁt
the overall system, even if the usage of water pump sta-
tions is not applicable. Various desalination processes are
considered for meeting the requirements.
Desalination processes usually require a continuous
energy supply and constant water ﬂow. Some processes,
though, are able to operate discontinuously and in
part-load without damaging the distillation equipment
or membranes in reverse osmosis systems, respectively
[13-15]. Based on their ﬂexibility, implementing such pro-
cesses as dynamic load is very attractive, complementing
consumer-induced load curves in stochastically ﬂuctuat-
ing renewable energy supply systems.
In the last years, desalination processes underwent sig-
niﬁcant developments. Some processes, reverse osmosis
(RO) and mechanical vapor compression (MVC), can
adapt to a variable power source in a discrete manner, cf.
Subiela et al. [16].
The presented approach ﬁrstly analyses an energy and
water supply system using renewable energies, where
desalination is integrated into the system in several
designs.
A techno-economic optimization of combining electric-
ity and water production is calculated for a Caribbean
island in order to answer the following research
questions:
• What is the techno-economic optimal energy supply
system?
• What solutions do exist for integrating the energy
demand of a desalination plant to the micro grid?
• Is there a beneﬁt to integrate desalination as a
deferrable load?
Four scenarios are identiﬁed to answer the listed
research questions, shown in Table 1.
Research object
The small Caribbean island Petite Martinique, has a sur-
face area of 2.4 km2 with a diameter of approximately 2
km and about 1,000 inhabitants. The island is mostly rural
with a low level of infrastructure. The climatological con-
ditions are subtropical with amean temperature of around
25°C, with a dry season from January to May and a wet
season from June to December [17].
Value is mainly created by ﬁshery, agriculture, and boat
building. There is only a small tourism sector. Most farm-
ers grow for their own consumption and domestic sale.
The weather conditions and the fertile soil support agri-
culture, but water scarcity for irrigation limits further
growth of this sector [18].
Current electricity supply and renewable potentials
According to measured data from Grenlec, the energy
supplier of Grenada [19], the peak load on the island is
152 kW with an overall demand of 2.2 MWh/day. The
load curve, referred to as primary load, is available from
logsheets in 1-h steps for 1 year (2010). Figure 1 shows
the seasonal load proﬁle of Petite Martinique. Since there
is no signiﬁcant tourism and the climatic conditions in
Petite Martinique are relatively constant, the variation of
electricity consumption is quite ﬂat.
The electric power is currently generated by two diesel
generator sets. One of them was installed in 1976 with a
capacity of 240 kW (Lister, Dursley, Gloucestershire, UK),
the other one in 1999 with a nominal power of 210 kW
(Caterpillar, Peoria, IL, USA). Mainly only one generator
operates at a time.
The average price of 1-L diesel was 1.13 USD in the year
2010. Due to long-term tendencies and the development
of crude oil prices in the last years [20], an increase in
diesel prices can be expected in the next decades, which
motivates Grenlec to consider further investments into
renewable energy technologies.
Wind velocities are taken from measurements on the
neighboring island Carriacou, which is 5 km away from
Petite Martinique. The highest wind speed occurs in
January with 9.5 m/s and the lowest in September with 5.6
m/s, while the annual average is 7.69 m/s, cf. Figure 2.
Table 1 Energy and water supply scenarios
Energy Water
Scenario 1 Serving primary load No desalination
Scenario 2 Serving primary load Desalination using excess
energy only (not all water
demand met)
Scenario 3 Serving primary load and
ﬂexible, deferrable load
Desalination when energy
is available
Scenario 4 Serving primary load and
constant, secondary load
Desalination with constant
water ﬂow
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Figure 1 Seasonal load proﬁle of Petite Martinique.
Looking at photovoltaic or solar thermal energy gener-
ation, solar radiation data are relevant. The scaled annual
average of solar radiation in Petite Martinique is 6.57
kWh/(m2*day), the lowest radiation is 5.9 kWh/(m2*day)
in June and the highest 7.3 kWh/(m2*day) in March, cf.
Figure 3.
Current water supply
The current water supply system is based on rain water
harvesting and water imports from Grenada by tankers.
The sustainable surface water sources are scarce in Petite
Martinique. No public distribution system is installed. An
existing reverse osmosis desalination plant with a capacity
of 135 m3/day was destroyed by a storm surge a couple of
years ago.
In the dry season, January to May, residents have to
prioritize their needs and the use of water accordingly.
In order to provide suﬃcient freshwater for the house-
holds and agricultural purposes without the dependency
on water imports, 150 m3/day would need to be produced
in the dry season and about 50 m3/day in the wet season.
This demand could be met by seawater desalination.
Methods
Simulation and optimization
Renewable energy concepts are mainly planned, devel-
oped, and dispatched by supporting tools like INSEL
(doppelintegral GmbH, Stuttgart, Germany), TRNSYS
(Thermal Energy System Specialists, LLC, Madison,
WI, USA), Ebsilon (STEAG Energy Services GmbH,
Essen, Germany), RETscreen (Natural Resources Canada,
Quebec, Canada), HYBRID2 (Center for Energy Eﬃciency
& Renewable Energy, University of Massachusettes, MA,
USA), HOMER (HOMER Energy, Boulder, CO, USA), and
other programs.
The simulation for Petite Martinique is done with
HOMER Energy, a simulation tool developed by the U.S.
National Renewable Energy Laboratory. Compared to
other simulation tools, HOMER has a very user-friendly
interface and has undergone continuous developments,
especially since becoming a commercial product (since
2009). Worldwide, various urban developers, utilities, and
consultancies use HOMER for decentralized and grid-
connected modeling and simulation [21].
In HOMER, the best possible system conﬁguration is
the one that satisﬁes the user-speciﬁed constraints at the
lowest total net present cost. Finding the optimal system
conﬁguration may involve deciding on the mix of compo-
nents that the system should contain, the size or quantity
of each component, and the dispatch strategy the system
should use [22].
The levelized costs of energy (LCoE) are calculated as
shown in Equation 1, the levelized costs of water (LCoW)
according to Equation 2. Both equations use the annuity
Figure 2Wind velocities in Grenada.
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Figure 3 Solar radiation in Grenada.
factor (Ai,N ), where i is equal to 0.075 and N to 20 years
(cf. Equation 3).
LCoE = I0E ∗ Ai,N + Cfuel + CO&MEEprim (1)
LCoW = I0W ∗ Ai,N + CO&MW + CEWyear (2)
Ai,N = i ∗ (1 + i)
N
(1 + i)N − 1 (3)
In Equation 1 the initial capital costs (I0E) multiplied
by the annuity factor reﬂect the annual capital expendi-
tures. CO&ME stands for operation and maintenance costs
of all components per year, and Cfuel stands for annual
fuel costs. All annual costs are divided by the primary load
(Eprim). The additional energy demand for desalination
is not added to the primary load so as to keep the sce-
narios comparable without minimizing the LCoE due to
the increased electricity demand. To calculate the LCoW,
the initial capital cost of the desalination plant I0W mul-
tiplied by the annuity factor is added to the annual costs
of the desalination plant, including operation and mainte-
nance costs (CO&MW ) and electricity costs (CE). These are
divided by the amount of potable water produced in the
year (Wyear).
Within the simulation, hourly data sets over 1 year are
considered. Based on Hoevenaars and Crawford [23], no
greater temporal resolution is required here. The authors
examined the eﬃcacy of the temporal resolution in the
range of 1 s to 1 h for a model that includes variable res-
idential loads, wind, solar, diesel generator, and batteries.
They found that system conﬁgurations using only a diesel
generator as backup consume more fuel than determined
by a model with hourly resolution. Conﬁgurations with
only a battery backup were hardly aﬀected by the time
step. For systems with both diesel and battery backup,
the optimal system costs were fairly close in all temporal
resolutions but diﬀered in the optimal component sizes.
Since in the given case a diesel generator and batteries are
used within all solutions, a resolution of 1-h time steps is
suﬃcient without adulterating the results. For exact infor-
mation about the share of fossil and renewable energies
used in each time step, a higher temporal resolution would
be required.
However, before implementing a supply system, an
accurate dispatching strategy and frequency stabilization
within each hour should be developed. Short-term energy
storages as well as energy control and management sys-
tems need to be considered.
Input data
Within the simulation of HOMER, the currency used is
USD. The project lifetime is determined to be 20 years
considering a weighted average cost of capital of 7.5%
for all scenarios. The diesel price of a 1-L diesel is
1.13 USD in Petite Martinique. The energy conversion
technologies under consideration are diesel generators,
wind converters, photovoltaic systems, and batteries.
Due to the low energy demand, no further (large-
scale) renewable energy generation technologies such
as wave energy conversion, concentrated solar power,
and geothermal or waste incineration power plants are
considered here.
Diesel generator
Within the simulation, two already existing sets of diesel
generators - one Lister E6 and one Caterpillar 3408 -
are implemented in the model without adding any initial
investment costs. In case of damages, replacement costs
are calculated as 845 USD/kW. With a determined life-
time of minimum 20 years (180,000 h) and one revision
in that period, the costs of operation and maintenance
(O&M) are 5 USD/operating hour. Under the given cir-
cumstances in Petite Martinique (humidity, pressure, and
density of air), the eﬃciency of the existent gensets varies
in the range of 22% to 30% [19].
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Wind
Only small-scale wind energy converters can be set up
on the island (between 100 and 300 kW). One reason for
this is the relatively low peak demand and load proﬁle;
another reason has to do with diﬃculties in shipping due
to the small harbor as well as to installation restrictions
for heavy and large-sized equipment. Hurricane-proofed
wind turbines are preferable in this region. Based on a
comparative analysis, the Norwin wind turbine NW29
(225 kW; Norwin Wind Turbine Technologies, Gadstrup,
Denmark) has been chosen. It uses a stall regulation sys-
tem, has three blades, works at a hub-height of 30 m, and
runs with a cut-in speed of 4 m/s and a cut-oﬀ speed of
25 m/s. The survival wind speed of the Norwin wind tur-
bine is 67 m/s and is hurricane-proven until level 5 on
the Saﬃr-Simpson hurricane wind scale [24]. Based on an
oﬀer by the manufacturer, the costs for the NW29 in a
Caribbean island are about 2,660 USD per installed kilo-
watt, and the O&M costs including insurance are 5% of
the investment costs [25].
Photovoltaics
The monthly arithmetic mean of the solar radiation in
Petite Martinique is derived from NASA Atmospheric
Science Data Center (Langley Research Center, Virginia,
USA) [26], cf. Figure 3.
Data for 1 year in 1-h steps are generated by HOMER.
Due tomarket research,MiaSole thin-ﬁlmmodules (Santa
Clara, CA, USA), distributed by the only provider for
Grenada and Petite Martinique, have been selected at
turn-key costs of 4,000 USD/kWpeak (including converter,
installation, wire, etc.), and the O&M costs are deﬁned
as 2% of the investment costs. It is a copper indium gal-
lium selenide (CIGS) module with an assumed lifetime
of 20 years and a derating factor of 80%, including, e.g.,
aging, wiring, connection losses, dust, and shading [27].
The nominal operating cell temperature is 49°C. An eﬃ-
ciency reduction due to high temperatures is considered
with -0.45%/°C. A module orientation towards the south
is assumed with the azimuth being zero.
Energy storage
Depending on the capacity, the discharge power and dis-
charge time range, various energy storage technologies
can be applied for storing electricity. Since a capacity
of less than 1 MWh is suﬃcient for the energy system
in Petite Martinique, typical large-scale bulk electricity
storage technologies as high-temperature batteries such
as sodium sulfur, pumped hydro, hydrogen storages, or
compressed air energy storage systems are not applicable.
Short-term electricity storages for frequency stabilization
like ﬂywheels, capacitors, and superconducting magnetic
energy storages are also not considered.
As long-duration storages with frequent discharge, a
lead-acid (LA) battery, a lithium ion (Li-ion) battery, and
two ﬂow batteries, zinc bromite (ZiBr) and vanadium
redox (V-redox), were compared. Table 2 gives a short
overview of some parameters of these storage technolo-
gies. Within the table, CE stands for the energy-related
costs, CO&M for the speciﬁc operation and maintenance
costs, η for the round-trip eﬃciency, and the maximum
DOD for the depth of discharge.
Redox-ﬂow batteries could become competitive in the
near future, and other mentioned storage technologies
could be beneﬁcial in other cases, but based on the
price and availability in the Caribbean islands, established
lead-acid batteries are considered here. A lead-acid bat-
tery with a capacity of 2 V × 3,000 Ah = 6 kWh and
a maximum depth of discharge of 70% was chosen for
the simulations. Retailer prices are about 1,700 USD per
battery.
Desalination unit
There are two main approaches used to desalinate sea
or brackish water: thermal distillation or ﬁltration. Two
thermal and two electrical driven processes were ana-
lyzed: a thermal humidiﬁcation-dehumidiﬁcation process,
a thermal multi-eﬀect distillation process, an electri-
cally driven MVC process, and an electrically driven RO
process. Initial input data are based on market prices
and the measured energy demands of manufacturers,
which are comparable with market research results of
ProDes [33].
Since, apart from the diesel generators’ waste heat, no
additional heat source (e.g., from producing industry)
is available in the island; thermal desalination processes
would require the installation of about 4,000 m2 thermal
solar collector area. Considering a collector price of 400
USD/m2 in Petite Martinique, a comprehensive analysis
showed that these additional investment costs make ther-
mal desalination processes economically unattractive for
Petite Martinique, cf. Figure 4 [34].
Table 2 Electricity storage systems in comparison [28-32]
Parameter Units LA Li-ion ZnBr V-Redox
CE USD/kWh 250 to 350 600 to 700 300 to 400 500 to 600
CO&M USD/kW/year 5 to 10 20 to 25 15 to 20 15 to 20
η 0.75 to 0.8 0.8 to 0.9 0.6 to 0.7 0.6 to 0.7
DOD 0.7 to 0.8 0.7 to 0.8 0.9 to 1 0.9 to 1
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Figure 4 Comparison of diﬀerent desalination processes.
The dashed lines in Figure 4 symbolize the costs of the
thermal processes if free thermal heat would be avail-
able and no solar thermal collectors would need to be
installed. But since no signiﬁcant free waste heat is avail-
able in Petite Martinique, the dashed lines cannot be
considered here and can only denote the potential of
thermal processes. Clearly, for an electricity price under
0.43 USD/kWh, MVC is the most favorable desalination
process in the given case, whereas at higher electricity
prices, RO would be the beneﬁcial process. Electricity
costs generated by the two thermal power plants are
0.52 USD/kWh; electricity costs generated by the recom-
mended hybrid system including renewables are about
0.31 USD/kWh. Both electrical driven processes could be
considered here. Since electricity prices are assumed to
be under 0.43 USD, due to the implementation of renew-
able energy technologies, the MVC process is chosen for
further simulations, cf. Figure 4.
Data of the mechanical vapor compression process con-
sidered here are based on personal interviews with rep-
resentatives of the company Medesa [35]. The process
requires 11 kWhel/m3 and has a load ﬂexibility from 50%
to 110%. Medesa assumes that the process can be inter-
rupted one to two times a day, decreasing the plant’s
lifetime approximately from 30 to about 25 years. Ini-
tial investment costs of such a plant are 3,000 USD/m3
installed, which would be about 450,000 USD for a desali-
nation unit with a production capacity of 150 m3/day
(nominal capacity 180 m3/day). O&M costs are about 0.29
USD/m3 [35].
Water storage
The beneﬁt of producing freshwater at the time when sur-
plus electricity is generated is the possibility to store water
less expensively than electricity. As in most arid regions,
no open water storage options are available in Petite Mar-
tinique; therefore, produced freshwater needs to be stored
in tanks. Due to water quality reasons, a water storage
capacity of 300 m3 is considered, which is able to cover
the water demand for 2 days. Investment costs for storage
tanks are not considered within the economical calcula-
tion since their cost is negligible compared to the main
supply system.
Results and discussion
Scenario 1: energy supply only
In the ﬁrst step, the optimal energy supply system is deter-
mined for PetiteMartinique using the simulation interface
of HOMER. Table 3 shows the optimal system setup of
power generation for various scenarios. The ﬁrst row
stands for the current energy supply by diesel generators
only; the second row shows the optimal system setup con-
sidering renewable energy sources and diesel generators.
It consists of two Norwin wind turbines NW29, the two
existent diesel gensets with a peak engine power of 210
and 240 kW, and lead-acid batteries with a total capacity of
432 kWh. Photovoltaic power generation is not part of the
optimal solution. The reason for this is the temperature
eﬀects as a breakdown showed.
Compared to the current system, by implementing
wind energy converters, batteries, and other required
applications, the overall costs of electricity can sig-
niﬁcantly be minimized from 0.52 USD/kWh to 0.31
USD/kWh for a period of 20 years, cf. Table 3. A sys-
tem change towards renewables, though, include relatively
high investment costs. The corresponding energy bal-
ances are shown in Table 4. The capacity utilization factor
of the wind converters is 3,270 full load hours per year.
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Table 3 Optimal energy supply systems of scenarios 1 to 4
Wind Battery Diesel Invest. (El) Invest. (Des) LCoEprim-load LCoW
(kW) (kWh) (L) (USD) (USD) (USD/kWh) (USD/m3)
Current system - - 335,700 - - 0.52 -
Scenario 1 450 432 68,200 1,422,400 - 0.31 -
Scenario 2 450 432 68,200 1,422,400 550,000 0.31 2.32
Scenario 3 450 432 97,700 1,422,400 550,000 0.36 1.91
Scenario 4 450 576 127,400 1,508,200 550,000 0.43 1.91
Invest., initial investment costs. El., Electricity supply system. Des., Dealination unit.
Transmission losses are not accounted in the balances
in Table 4.
Gaining increasing independence from oil imports and,
therefore, stable energy prices in the long-term repre-
sents beneﬁcial opportunities of scenario 1. There is also a
clear ecological beneﬁt: 267,500 L of diesel could be saved
in scenario 1 compared to the current supply system. A
considerable amount of emissions could be avoided, e.g.,
about 705 tons of CO2, just to name one of the greenhouse
gases.
In scenario 1, water production has not yet been con-
sidered. That means that implementing renewable energy
sources into the current energy system is already beneﬁ-
cial even without considering the water production as in
the case of scenarios 2, 3, and 4.
Scenario 2: water production by excess electricity of
renewable fraction only
Analyzing the deviation of every hour within the 1-year
simulation of scenario 1, a remarkable excess of generated
electricity by the wind converters can be determined. In
Figure 5, the daily average load and daily average wind
power generation are shown. Hourly ﬂuctuations are not
noticeable in this daily resolution.
After meeting the electricity demand of all consumers
and ﬁlling the batteries, the surplus electricity could
be used for alternative purposes. On a dry island like
Petite Martinique, producing water and supplement-
ing the existing water stocks is an optimal solution,
if additionally required investments do not exceed a
reasonable amount.
Costs for desalination can be kept low if energy costs
for the desalination process are low. In electrically driven
processes, like the one considered here, about 44% of the
overall desalination costs are energy costs [36]. There-
fore, the usage of free excess electricity reduces costs
signiﬁcantly.
To determine the potential of producing potable water
by excess electricity in Petite Martinique, the hourly data
sets are converted to daily and weekly values according to
Equation 4. This way, shortages and surpluses meeting the
daily demand of freshwater aremore visible.Water storage
tanks can guarantee a reliable and constant availability of
freshwater within the presented weeks.
Wweek =
144∑
i=1
Wi
Wi = EiEdesal
(4)
The produced amount of water per hour (Wi) results
from the available excess electricity (Ei) each hour divided
by the energy consumption of the desalination plant
(Edesal), which is assumed to be 11 kWh/m3. Taking into
account that the desalination plant has an hourly nominal
Table 4 Energy and water balances per year
Gen. el. diesel Gen. el. wind Served load Served load for Excess el. Produced water
(MWh) (MWh) (MWh) water (MWh) (MWh) (1,000 m3)
Current system 819 - 819 - - -
Scenario 1 158 1,288 819 - 627 -
Scenario 2 158 1,288 819 293 334 27
Scenario 3 221 1,288 819 367 323 33
Scenario 4 280 1,288 819 367 382 33
Gen. el., generated electricity. Excess el., excess electricity.
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Figure 5 Load and power generation by wind converters.
capacity of 8.25 m3, the restrictions in Equation 5 have to
be considered.
Wi =
⎧⎪⎪⎪⎨
⎪⎪⎪⎩
0 m3 if Ei = 0 kWh
Ei
Edesal
if 0 kWh < Ei ≤ 90.75 kWh
8.25 m3 if Ei > 90.75 kWh
(5)
Due to these restrictions, not all excess wind energy can
be converted and used for freshwater production. Using
the energy generation data of scenario 1, Figure 6 shows
the potential of water production on the island. The red
line displays the overall water demand for the whole year
during each week. The dark columns in the background
highlight the theoretical potential of water production
using excess electricity; the light columns show the real
potential based on the technical production restrictions
of the desalination plant (cf. Equation 5). Hourly data are
not identiﬁable in this diagram. Since the water storage
is dimensioned for 2 days only, ﬁlled bars of some weeks
cannot be shifted to other weeks, e.g., from week 20 to 21.
Figure 6 exempliﬁes that excess electricity generated by
renewables could produce up to twice as much water as
needed occasionally. Particularly favorable is that a major
part of water demand in the dry season from January to
May can be met immediately because wind conditions
are very good. It also proves, however, that wind energy
Figure 6Water demand and production potential by excess electricity of renewable energy fraction.
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cannot guarantee a continuous and reliable water sup-
ply throughout the whole year. That means that diesel
generators either need to run during periods of no wind
and high water demand, which could eventually undo
the former economic and ecological advantage, or the
overall energy supply system needs to be adjusted to the
additional electricity demand.
Scenario 3: water production as a deferrable load
In the scenarios 1 and 2, only the primary load was served,
and excess electricity was used for water production. In
scenario 3, a further load is added that needs to be served.
It can be deferred as long as it meets the constraints
within a given period, in this case within daytime. If not
enough excess energy is available, diesel generators need
to operate in order to serve the so-called deferrable load.
Here, the deferrable load is the energy consumption of a
ﬂexible operating desalination plant with a speciﬁc daily
water production. A water storage is acting as a temporary
buﬀer storage.
In HOMER, a deferrable load can be approximated as
an electric load. In order to represent water desalination
as an electric load, the following input data are deter-
mined for scenario 3: as deferrable load, an average daily
energy consumption of 1,650 kWh/day (11 kWh/m3 for
150 m3 water) is assumed for the dry season from January
to May, and 550 kWh/day for the remaining wet months.
The water storage capacity of 300 m3 is represented by
a 3,300-kWh electrical storage capacity. The peak load is
220 kW for an hourly water production of 7.5 m3/h. Oper-
ating the desalination plant 10% above the nominal power,
8.25 m3/h can be produced at the mentioned peak load of
90,75 kW.
Row four in Table 3 shows the simulation results of sce-
nario 3. In contrast to scenario 2, where not all water de-
mand is met, scenario 3 meets all energy and water
demand, cf. Table 4. At ﬁrst glance, the increased energy
demand for water production did not change the energy
supply system signiﬁcantly. There are still two Norwin
NW29 wind turbines installed and still the same capacity
of batteries required. In periods of electricity shortage, the
diesel generators operatemore, using about 97,700 instead
of 68,200 L of diesel per year. Accepting a higher diesel
consumption, no additional investment costs are required
for the energy supply system compared to scenario 2.
Only the initial investment costs for the desalination plant
and, eventually, a new water storage tank would have
need to be added to the overall system costs compared to
scenario 1.
When evaluating costs, the last two columns of Table
3 are meaningful. Using Equations 1, 2, and 3, the lev-
elized costs of electricity and of water diﬀer signiﬁcantly
between the scenarios. Compared to the current system,
the energy costs are lower in scenarios 1 and 2 because
of the strongly reduced diesel consumption. In scenario 3,
the levelized costs of electricity are higher. The reason for
this is that in order to meet all water demand, contrary to
scenario 2, additional energy must be provided for peri-
ods without suﬃcient wind. Since this demand is met by
fuel-consuming diesel generators, higher energy genera-
tion costs are the result. But not only the costs are higher,
a much higher electricity demand is met as well, due to the
included desalination plant (3.2 MWh/day instead of 2.2
MWh/day in scenario 1).
Comparing the levelized costs of water (2.32 USD/m3 in
scenario 2 and 1.91 USD/m3 in scenario 3), water costs in
scenario 3 are less than those in scenario 2. The reason
is that instead of 27,000 m3 freshwater, like in scenario 2,
33,000 m3 is produced in scenario 3, cf. Table 4; there-
fore, the investment costs can be distributed tomore cubic
meters, and the levelised costs shrink.
Scenario 4: water production as a secondary load
For both scenarios 2 and 3, a desalination process was pre-
sumed that is able to operate discontinuously and with a
ﬂexible load depending on available energy. Conventional
desalination units though are designed to perform at an
optimal level and to operate continuously at a constant
rate. As comparison, in scenario 4, the energy consump-
tion of such a desalination plant is integrated into the
system as a secondary load. In this case, the secondary
load is a constant load all the year round, neglecting peri-
ods of maintenance. That means, this secondary load is
not adjusting to the wind conditions, and the diesel gener-
ators need to operate whenever wind energy cannot meet
the demand. The generator sets operate more hours and
consume signiﬁcantly more fuel in scenario 4 than in sce-
nario 3 (127 tons instead of previously 98 tons of diesel) .
The last row in Table 3 illustrates the results of scenario 4.
The initial investment costs increase due to additionally
required energy storage capacities. The levelized costs of
energy reﬂect the higher costs of the overall system.
The levelized costs of water are equivalent to scenario 3
because the desalination costs and the amount of water
produced are the same. Due to the optimized operation,
O&M costs of the desalination plant could be slightly
lower than in scenario 3 . This diﬀerence though is not
considered here.
Energy costs for the desalination plant are set to zero.
The levelized costs of energy of all scenarios are based
on the primary load only, making the energy costs com-
parable without interfering changes on the water cost
side.
Levelized costs of electricity and water
Looking into the presented scenarios, various results can
be discussed. One interesting result is the shifting of
levelized costs of electricity and water.
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Decision makers often face diﬃculties in justifying high
investments and presenting reﬁnancing strategies [34].
The question of whether electricity or water is more
valuable for a region can be important for developing
payback strategies. All presented scenarios optimize the
supply system based on the energy demand. Figure 7
sensitizes the viewer for cost structures. The three sce-
narios combining power generation and water produc-
tion are visualized by three graphs. They illustrate the
dependency of LCoE and LCoW. Overall system costs
can be ﬁnanced by sold water and/or sold electricity.
At each point on the graphs, the entire system costs
are covered. The marked points on the graphs show the
LCoE and LCoW calculated for scenarios 2, 3, and 4, cf.
Table 3.
The levelized costs of energy and water are based on the
Equations 1, 2, and 3. The considered primary load of the
island Eprim in Equation 1 is 819MWh/year; the produced
amount of potable water Wproduced in Equation 2 equals
to 26,600 m3/year for scenario 2 and to 33,600 m3/year
for scenarios 3 and 4. The overall energy and water bal-
ances of all scenarios in a year are shown in Table 4. At the
interception point with the x-axis, water costs are zero,
meaning that the water can be given out for free. This
is enabled by ﬁnancing the water production, including
initial, O&M, and energy costs through higher electricity
prices for the end user. The interception points with the
y-axis show LCoW providing free serving of the primary
load. All the power generation costs are paid by the water
consumers in this case.
Comparing scenario 2 (red dashed line with points) and
scenario 3 (light blue dashed line) the graphs cross at a
LCoW of 6.00 USD/m3 and LCoE of 0.19 USD/kWh. At
this point, both scenarios perform economically equally.
Reiterating the diﬀerence between scenarios 2 and 3, in
scenario 2, about 6,000 m3/year less freshwater can be
produced than in scenarios 3 and 4.
If a system is supposed to be reﬁnanced exclusively by
sold electricity and the water demand does not need to be
met completely, scenario 2 is the best solution. If all water
demand should be met, scenario 3 is the most attractive
system setup. The graph of scenario 4 (dark blue line) is
parallel to the one of scenario 3 because the same amount
of electricity and water is served. Due to the inﬂexible
energy demand of the desalination plant, scenario 4 per-
forms as the least proﬁtable solution in all cases. As its
desalination unit is not able to react to ﬂuctuating wind
power, more diesel fuel is consumed, increasing the overall
system costs.
Conclusions
Summarizing the main results of a combined energy and
water supply system for Petite Martinique, scenario 1
points out that an extension of the current energy sup-
ply system using renewable energy technologies reduces
power generation costs. It can be concluded that the
techno-economic optimal energy supply system consists
of two NW29 wind turbines, the two existent diesel gen-
erator sets, and lead-acid batteries with a total capacity
of 432 kWh. The energy demand of a desalination plant
can be integrated to the micro grid in three diﬀerent ways:
using only excess electricity, producing less water than
needed (scenario 2), as deferrable load (scenario 3) or as
constant secondary load (scenario 4).
Figure 7 Levelized costs of energy and water.
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Scenario 2 shows that the calculated energy supply sys-
tem of scenario 1 is able to cover a signiﬁcant part of a
desalination plant’s energy demand just by renewable and
free excess electricity. Saving energy costs for a desali-
nation plant, which is responsible for almost half of the
water costs, makes desalination attractive as alternative
to freshwater imports. In scenario 3, the desalination
plant’s energy consumption acts as a deferrable load. An
extension of the energy supply system by further com-
ponents is not required. In periods when no excess wind
energy is available, the existent diesel generators function
as a backup. In scenario 4, a conventional desalination
plant is considered, which requires a continuous water
ﬂow and, therefore, a constant energy supply. Additional
energy storage capacities are required, and more fuel is
consumed. Therefore, scenario 4 cannot compete with
scenarios 2 and 3, which highlight the value of an inte-
grated supply system. Comparing scenarios 3 and 4, the
clear beneﬁt is reﬂected by the levelized costs of electric-
ity and water. Scenario 3 performs best. For an optimal
energy and water supply system on the island, the desali-
nation plant’s energy demand should be integrated as
deferrable load.
A further analysis of the levelized costs of electricity and
water points out possible cost structures for developing
payback strategies. Investments can be reﬁnanced either
by higher energy and/or higher water costs. Depending on
the priorities, scenario 2 is the optimal solution if the pro-
duction of less than 150 m3/day is suﬃcient on the island.
Scenario 3 is the best system setup if all water demand
needs to be met.
No dispatching strategies and short-term energy stor-
ages are addressed within this paper. A further breakdown
of hourly data sets is required to validate the capability of
desalination processes to operate discontinuously and in
part-load ranges.
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